inactivate each other through phosphorylation and proteolysis, respectively; this is thought to be the central relay of the cell cycle control system. In animals, there has been an expansion of the CDKs, with five CDKs directly involved in cell cycle regulation in mammals. Figure 1 ). The CDC28 family includes several and, in particular, the principal cell cycle regulator apparently pan-eukaryotic orthologs-in particular, those Cdc28p, branch off the phylogenetic tree at a late from the highly degraded genome of the microsporidium stage, after several other kinases involved in either Encephalitozoon cuniculi and the early branching kimitosis or meiosis regulation. On the basis of this tree netoplastid Leishmania sp. Therefore, it seems most topology, it is proposed that, at early stages of evolulikely that the progenitors of each of these orthologous tion, the eukaryotic cell cycle was not controlled by sets were present in the genome of the last common CDKs and that only a subset of extant kinases, notably ancestor of all extant eukaryotes. An analysis of the the DNA damage checkpoint kinase Chk1p, were in phylogenetic tree of the CDC28 family might reveal anplace. During subsequent evolution, a series of duplicient stages of evolution of cell cycle control in eukarycations of kinase genes occurred, gradually adding otes. In particular, determining the position of the root more kinases to the CCC system, the CDKs being in this tree could help establish the order of emergence among the last major additions.
to and including the advent of this particular kinase, evolution in the CDC28 family took place in or prior to the last common ancestor of all eukaryotes and not in individual eukaryotic lineages. To further test the robustness of the observed tree topology, we also constructed trees of all CDC28 family members separately from each of the following: Arabidopsis thaliana, Caenorhabditis elegans, Drosophila melanogaster, and Homo sapiens ( Figure S2 in the supplementary material) and performed a statistical analysis of these trees (Table S3 in the supplementary material). Unequivocally, Chk1p was the closest to the root in all these trees, with Ime2p and Cdc28p following, in that order ( Figure 3 and Figure  S2 in the supplementary material). This topology for species other than S. cerevisiae was strongly supported by the bootstrap test ( Figure S2 in the supplementary material) and was overwhelmingly statistically preferred to the alternative topology, created manually, which had the CDC28 clade at the root of the tree (Table S3 in (Figlished data) . Moreover, many CCC kinases in these famiure 2) and by the Shimodara-Hasegawa maximum-likelilies appeared to be a result of lineage-specific expanhood test (Table S2 in Table S4 in the supplementary material.) mentary material). We rooted the tree by using Cdc5p We constructed another tree by using sequences of and/or Mek1p sequences as outgroups. In this tree, orthologs of the CDC28 family kinases from Arabidopsis the Ipl1p kinase, which functions in both mitosis and thaliana, Caenorhabditis elegans, Drosophila melanomeiosis, branches off first. Notably, Rim15p, a kinase gaster, Encephalitozoon cuniculi, Homo sapiens, Sacinvolved in early meiotic gene expression, branches off charomyces cerevesiae, and Schizosaccharomyces before Dbf20p and Dbf2p, the two mitotic kinases. The pombe (Figure 3) . Importantly, CDC28 orthologs, which implications of the topology of the DBF family for the form a tight cluster in this tree, are present in all complete evolution of the eukaryotic cell cycle, however, are difeukaryotic genomes. Based on the apparent panferent from those of the CDC28 family tree. This becomes apparent from the fact that neither Rim15p nor eukaryotic presence of CDC28, we conclude that, up eukaryotic CCC mechanism to evolve. If one assumes the tree topology in Figures 2 and 3 , this would imply that CDK-cyclin interaction and the regulation of CDKs by their cyclin partners emerged at the root of the CDC28 family but was repeatedly lost in all branches except for the extant CDK clade. This, clearly, is a less parsimonious scenario than the above one that postulates a late emergence of this interaction in the CDK clade. The only other conceivable alternative seems to involve rerooting the entire kinase tree at the CDK branch within the CDC28 family. This scenario also appears to be unlikely; a tree rooted at the CDKs would be incompatible with The comparatively late evolution of Cdc28p, in fact, This observation suggests, counter-intuitively, that seems to agree with its role in the cell cycle; it provides CDKs are a relatively late addition to the regulation of for an overall timing of the cycle and the pathway it the eukaryotic cell cycle. Furthermore, the early appearregulates, and its substrates are highly diverse. In other ance of the meiotic kinase Ime2p in the trees is surpriswords, Cdc28p appears to have come into play at a ing because meiosis is generally assumed to be a derivastage of cell cycle evolution, which was already charactive of mitosis [10] [11] [12] , and accordingly, meiotic kinases terized by considerable sophistication and complexity. could be expected to branch off the tree after the mitosis-specific ones. Does this suggest that meiosis actu- late that cyclin-dependent regulation was the first
